The cellular membrane functions as a regulating barrier between the intracellular and extracellular regions. For a molecule to reach the interior of the cell from the extracellular fluid, it must diffuse across the membrane, via either active or passive transport. The rigid structure of lipid bilayers, which are a key component of cellular membranes, prohibit simple diffusion of most particles, while vital nutrients are transported to the interior by specific mechanisms, such as ion channels and transport proteins. Although the cellular membrane provides the cell with protection against unwanted toxins that may be in the extracellular medium, some foreign particles can reach the interior of the cell, resulting in irregularities in cellular function. This behavior is particularly noted for permeants with compact molecular structure, suggesting that common nanoscale building blocks, such as fullerenes, may enter into the interior of a cell. To gauge the propensity for such particles to cross the membrane, we have computed the Gibbs free energy of transfer along the axis normal to the bilayer surface for two nanoscale building blocks, C 60 and a hydrogen-terminated polyhedral oligomeric silsequioxane (H-POSS) monomer, in a hydrated dipalmitoylphosphatidylcholine (DPPC) bilayer using molecular dynamics simulations and potential of mean force calculations. The studies show that C 60 has a substantial energetic preference for the soft polymer region of the lipid bilayer system, below the water/ bilayer interface, with a transition energy from bulk water of -19.8 kcal/mol. The transition of C 60 from the bulk water to the center of the bilayer, while also energetically favorable, has to overcome a +5.9 kcal/mol energetic barrier in the hydrophobic lipid tail region. The H-POSS simulations indicate an energy minimum at the water-bilayer interface, with an energy of -10.9 kcal/mol; however, a local minimum of -2.7 kcal/ mol is also observed in the hydrophobic dense aliphatic region. The energy barrier seen in the hydrophobic core region of the C 60 study is likely due to the significant penalty associated with inserting the relatively large particle into such a dense region. In contrast, whereas H-POSS is found to be subject to an energetic penalty upon insertion into the bilayer, the relatively small size of the H-POSS solute renders this penalty less significant. The energy barrier seen in the soft polymer region for the H-POSS monomer is primarily attributed to the lack of favorable solute-bilayer electrostatic interactions, which are present in the interfacial region, and fewer van der Waals interactions in the soft polymer region than the dense aliphatic region. These results indicate that C 60 may partition into the organic phase of the DPPC/water system, given the favorable free energies in the soft polymer and dense aliphatic regions of the bilayer, and H-POSS is likely to partition near the water-bilayer interface, where the particle has low-energy electrostatic interactions with the polar head groups of the bilayer.
Introduction
Many toxins act by attacking biological systems at a cellular level and disrupting cellular structure or function, resulting in apoptosis (programmed cell death) or necrosis (abnormal cell death). Toxins can, for example, alter the structure of the cellular membrane, resulting in cell wall loosening and rupture (i.e., cell lysis) 1 or enter the intercellular region and induce abnormal cell function, such as increased mitochondrial function or ATP production, 2 inducing apoptosis. Toxins often access the cell via active transport or facilitated diffusion, by mechanisms such as ion channel permeation 3 or binding with transport proteins, 4 while some small particles exhibit appreciable passive diffusion without the aid of such transport mechanisms. 5, 6 Partitioning of solutes into a lipid membrane is a complex process influenced in large part by energetic considerations. By comparing the free energy of solvation in organic and water phases, qualitative conclusions about the partitioning of particles between aqueous/organic phases can be made, which by extension can provide some insight into the fate of the particles in analogous systems, such as soil/water 7 and tissue/water systems. 8 A common parameter used to quantify organic/ aqueous partitioning is the octanol-water partition coefficient (K O/W ); however, K O/W coefficients describing partitioning of a molecule between an aqueous phase and an isotropic organic phase, such as octanol, may be insufficient to describe the partitioning between an aqueous phase and an anisotropic, semiordered organic phase, such as a phospholipid membrane. In addition, complex biological membrane exhibit several different structural phases, which have significant effects on solute partitioning, over relatively small ranges of conditions. 9 For example, the partitioning of benzene in a dimyristoylphos-phatidylcholine (DMPC) model bilayer system decreases by an order of magnitude when the temperature is lowered below the gel-phase transition temperature of 23.5°C. 10, 11 In contrast, the partitioning of benzene in an octanol/water system changes by only 2.5% when the temperature is lowered from 25 to 15°C. 12 In light of the growing interest in incorporating nanoparticles into biological systems for various applications, ranging from diagnostics (such as MRI contrasting agents) 13 to therapeutics and drug delivery, [14] [15] [16] [17] the determination of their toxic potential has become a key issue. The particles considered in this study (Figure 1 ), which were chosen due to their compact size and highly symmetric shape, have been proposed as nanoscale building blocks (NBBs) for many applications, thus significantly increasing the likelihood of occupational, environmental and biological exposure to these nanoparticles. For example, functionalized versions of the nanoparticles in Figure 1 have been proposed as possible HIV protease inhibitors, 18 light-mediated DNA-cleaving agents, 19 dental restorative composites, 20 and vascular prostheses. 21 Recent studies have suggested that these nanoparticles may exhibit some toxic traits. In particular, evidence suggests that buckyballs cause oxidative stress in the brain tissue of juvenile large mouth bass, 22 can potentially bind to and deform DNA fragments, 23 and partition significantly in the organic phase of octanol/water systems, 24 and a cationic variant of the POSS molecule has been shown to be able to diffuse across the cellular membrane and gain access to the cytosol, 25 where it has the potential to interfere with intracellular processes.
In an effort to develop a more fundamental understanding of nanoparticle-bilayer interactions, both experimental 26,27 and theoretical 28-32 studies have begun to examine the fate of nanoparticles in model bilayer systems, focusing in particular on the C 60 fullerene. A DPPC bilayer is generally used in these model studies, since human cell membranes are typically composed of over 90% phospholipids, of which 60% is DPPC. 33 As a result, DPPC has been extensively studied and can be considered both experimentally and computationally as the benchmark lipid in the study of model bilayers. 34 Both experimental and theoretical studies indicate that C 60 will partition into the interior of a liquid crystalline phase phospholipid bilayer, and generally, all agree that the partitioning is largely due to the fact that the hydrophobic C 60 particle is in a highenergy state when solvated in the aqueous phase, compared to a relatively low-energy state when found in the ordered hydrocarbon interior of the bilayer, resulting in an energetic minimum occurring in the hydrocarbon chain region.
Among the theoretical studies, which focus on free energy calculations using constraint molecular dynamics as in the current work, although there is agreement that the C 60 particle energetically favors the interior hydrocarbon region of the phospholipid bilayer, there is disagreement concerning the magnitude and location of the minimum energy (defined in terms of the distance away from the center of the bilayer). We note, however, that between each of the prior simulation studies there are significant differences, including the use of coarse-grained versus atomistically detailed models, differences in the parametrization techniques for the force fields used, and differences in the system parameters, including system size and frequency of sampling. Here, we briefly summarize the findings of these earlier studies as they pertain to the current work.
In the fully atomistic DPPC bilayer study of Qiao et al., 28 a relatively small well depth of -8.3 kcal/mol was observed, whereas the coarse-grained DPPC study of D'Rozzario et al. 30 indicated a considerably larger well depth of -47.5 kcal/mol. In contrast, the coarse-grained work of Wong and Ekkabut 31 and the fully atomistic simulations of Bedrov et al. 29 are in general agreement, with energetic well depths of approximately -25 kcal/mol (-26.3 kcal/mol in the coarse-grained DPPC bilayers studied by Wong and -22 kcal/mol in the atomistic DMPC bilayer of Bedrov) reported. The energetically preferable distance predicted by Bedrov and co-workers was between 6 and 7 Å 29 from the center of the bilayer, whereas the studies of Qiao et al. and Wong-Ekkabut et al. indicate that the energy minimum is ∼10 Å from the center of the bilayer, and D'Rozzario et al. indicate an energy minimum at the bilayer center. In addition, in both the simulations reported by Qiao 28 and co-workers and by Bedrov 29 and co-workers, a very slight energetic barrier was found at the center of the bilayer. In contrast, in both coarse-grained studies 30, 31 no significant energetic barrier in the interior of the bilayer was found, indicating that C 60 may easily reach the center of the bilayer.
In this work, the Gibbs free energy required to insert the nanoparticles at various depths normal to the bilayer plane (hitherto referred to as the z direction), (∆G(z)), and has been calculated in a fully hydrated DPPC (Figure 2 ) bilayer using molecular dynamics simulations and potential of mean force calculations. The simulations were carried out at 298 K and 1 atm under conditions at which the DPPC bilayer is in the gel phase, in contrast to previous studies, which were all in the liquid crystalline phase. Although phospholipid bilayers in biological systems are predominantly in the liquid-crystalline phase, it has been acknowledged that many biological membranes consist of multiple phospholipid phases, 9, 35 and that the densely packed gel phase typically suppresses diffusion across the membrane. The calculated ∆G(z) profiles describe the partitioning behavior of each nanoparticle in the bilayer and, therefore, provide insight into the thermodynamic driving force and ability of a C 60 or H-POSS molecule to partition into biological membranes.
Simulation Details. Molecular dynamics simulations have been performed and potential of mean force calculations used to determine the z-directed Gibbs free energy ∆G(z) for C 60 and H-POSS molecules in a fully hydrated DPPC bilayer. Bilayer systems are commonly separated into four distinct groups along the heterogeneous z axis, 36, 34 as shown in Figure  3 . Region 1 is the so-called "perturbed water" region that encompasses the depth from ∼8 Å above the bilayer surface (at which point the water structure is that of bulk water) to the depth where the lipid and water densities become equal. Region 2, the "interfacial" region, is characterized by a dramatic drop in water density and is composed primarily of DPPC choline and phosphate groups. Region 3 is the "soft polymer" region, which is represented by a steady rise in hydrocarbon density and continues to a depth of ∼13 Å from the center of the bilayer. Region 4 is the hydrophobic region and exhibits a very high, crystalline-like structure due to the ordering of the hydrocarbon tails up to a depth of about 6 Å from the center of the bilayer, where a substantial drop in hydrocarbon density is observed.
The overall resistance (R) associated with solute permeation crossing a heterogeneous bilayer of depth (d), defined as the inverse of the permeability coefficient (P), is connected to the diffusivity function, D(z), and ∆G(z) through the following relations 37 where K(z) is the lipid/water partitioning function and describes the ratio of the concentration of solute in the lipid and the water phases. The ∆G(z) function can be obtained by performing a potential of mean force study on the solutes over each of the four regions in Figure 3 . The potential of mean force calculation is performed by fixing the center of mass of the solute at a given z-depth of the bilayer; the molecule is able to freely translate in the x and y directions and individual atoms on the solute can move along the z-axis. The forces acting upon individual atoms in the solute can be calculated and used to determine the force on the center of mass (F(z, t)) required to keep the solute fixed at the chosen depth. The ∆G(z) function is, in turn, obtained from 38 where z ref is the region from which the change in energy will be in reference to (in this study, taken as region 1 of Figure 3 ), and 〈 · · · 〉 indicates an ensemble average. To simplify the calculation of 〈F(z, t)〉, both the C 60 and H-POSS structures were held rigid during the simulations by calculating the total force and torque on the particle, obtained from summing the forces and torques on its constituent atoms and updating the coordinates, velocities, and orientations of the atoms in a manner that moves and rotates the particle as a single body. This simplification is justified, since both H-POSS [39] [40] [41] and C 60 42, 43 have been shown to have somewhat rigid structures. Furthermore, treating the solutes as rigid molecules also greatly reduces the required sampling time, because it has been shown that solute flexibility necessitates longer sampling periods, particularly for large solutes 44 such as those studied in this work. The simulations were performed using the LAMMPS 45 molecular dynamics code, employing the particle-particle-particle mesh Ewald method for long-ranged interactions and a velocity-Verlet integrator with a 1 fs time step, a 8 Å Lennard-Jones cutoff, and a 10 Å electrostatic real space cutoff.
To accurately model a membrane, either the surface area per lipid or the surface tension of the membrane must be known. 34 Although there is considerable debate on the appropriate value of the water/DPPC membrane surface tension, [46] [47] [48] [49] the area per lipid is better defined; 34 therefore, the simulations were performed in the NPAT ensemble, in which the number of particles (N), the pressure normal to the bilayer (P), the cross sectionalarea of the bilayer surface (A), and the temperature (T) are held constant. The simulations contained 288 DPPC molecules and 8375 water molecules, with an area per lipid of 47.2 Å 2 /lipid at a system temperature of 298 K. 50 Cavities for the nanoparticles were created by inserting spherical particles into the membrane system and growing the solute-solvent interactions from zero 
to the full interactions over a 150 ps time period; this approach minimizes the disruption of the bilayer due to the insertion of the particle and therefore reduces the subsequent equilibration time. This was accomplished by inserting a bead, approximately the size of the nanoparticles of interest, using the "expand" form of the standard Lennard-Jones pair potential, as implemented in LAMMPS.
The ∆ term in eq 4 modifies the potential energy between the bead and the bilayer such that ∆ can be increased smoothly from -σ to 0 until a hole of sufficient size (i.e., of diameter σ) is present in the bilayer, at which point the explicit nanoparticle is inserted. It was found that inserting the nanoparticle into such a pre-established cavity in the bilayer enabled more rapid convergence of the potential energy of the entire system (as compared with direct insertion of the nanparticle or allowing a disordered system to self-assemble around the solute). The systems were all equilibrated for 4 ns, followed by additional simulations of 4 ns, during which the trajectories were sampled at 1 ps intervals.
It must be noted that the insertion of a large particle into a bilayer will result in a disruption in the local structure. Such disruptions include transiently stressing intramolecular properties of the bilayer, such as 3-body angles and dihedral angles. In addition, unfavorable intermolecular interactions may arise between the membrane and the solute or interactions between lipid molecules, such as a disrupted hydrogen-bond network in the region where the particle was introduced. The temporary disruption of the membrane structure will affect the ∆G(z) calculation; therefore, it is essential that sufficient equilibration is performed so that the bilayer is satisfactorily relaxed around the solute. Therefore average force profiles were calculated and indicated that the forces on the solute are converged in the 4 ns equilibration period.
The CHARMM27 force field 51 was used to model the hydrated phospholipid system with the standard TIP3P 52 force field to describe the water molecules. To model the C 60 molecule, we used the van der Waals parameters for aromatic carbons in the CHARMM27 force field. For H-POSS, the water-silica force field of Cruz-Chu et al. was used. 53 This force field was chosen due to the fact that it is the only silicon-based force field parametrized for the use with the CHARMM force field and has been shown to reproduce wetting characteristics of water on a silica surface, a phenomena that strongly correlates to the Gibbs free energy of solvation. 54 In addition, this force field is based upon the GLASSFF force field, 55 which has been shown to exhibit superior bulk nanoparticle energies, structures, thermal stability, and surface interactions, as compared with other common silicon-based force fields, such as TsuneyukiTsukada-Aoki-Matsui (TTAM) 56 and the van BeestKramer-van Santen (BKS) 57 force fields. Although the GLASSFF force field was fitted using DFT cluster energies for POSS-like particles, partial charge information for H-POSS, in particular, is unavailable. Partial atomic charges for H-POSS were therefore obtained using a Mulliken population analysis from a B3LYP-DFT/6-311G** point energy calculation with a structure obtained from a B3LYP-DFT/6-31G geometry optimization on an isolated H-POSS molecule. Geometry and partial charge information for H-POSS are provided in Tables 1 and 2 . The ab initio studies were performed using NWCHEM.
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Results and Discussion
As discussed above, the energetic behavior of the particles along the heterogeneous axis of a DPPC bilayer has been calculated. A 2 ns molecular dynamics simulation of an unperturbed hydrated DPPC bilayer was first performed to confirm that the simulated model bilayer is consistent with those used in earlier simulation studies. 36 In Figure 4 , we present density profiles for pertinent atom groups in the unperturbed DPPC bilayer and note that the density profiles are similar to those reported for liquid crystalline DPPC bilayers. 34, 59, 60 The main differences between the gel-phase profile in Figure 4 and the liquid-crystalline phase profiles is that the gel phase is elongated along the z-axis, due to the decreased area per lipid, and the gel-phase bilayer exhibits a higher degree of structure, particularly in the hydrophobic region. Figure 4 reflects the characteristics of each region as described in the four-region model: namely, the system approaches a density consistent with that of pure water around 29 Å away from the center of the bilayer (at the interface of regions 1 and 2); a significant presence of polar heads is observed between the depths of 21 and 29 Å (region 2); a relatively low density, yet increasingly structured region of hydrocarbon chains is seen between 13 and 21 Å (region 3); a highly structured hydrocarbon region is observed from 6 to 13 Å (region 4); and a relatively low density aliphatic region seen in the center of the bilayer. Study of C 60 in DPPC. The calculated ∆G(z) function for the C 60 particle along the heterogeneous axis of the gel-phase DPPC bilayer studied is presented in Figure 5 . From the figure, it can be seen that, as in previous studies, the water phase is found to be a very high-energy region for C 60 relative to the hydrocarbon regions of the DPPC membrane. This is not surprising, given the well-documented hydrophobicity of C 60 . The free energy is seen to drop significantly as the C 60 moves from region 1 (Figure 3 ) toward the bilayer interface (region 2); that is, from distances of ∼26 to 22 Å, as confirmed by the profiles presented in Figure 4 . In this region of the bilayer, it is likely that the dense hydrogen-bonded structure of water will be disrupted by the presence of the bilayer, therefore providing more free volume to the solute, resulting in a smaller energy penalty for creating the cavity to accommodate the particle. In addition, although energetic penalties would be incurred for disrupting the electrostatic interactions between the polar heads of the phospholipids, the nitrogen in the headgroup is rich in methyl groups, which would exhibit favorable interactions with the carbon-based C 60 .
As expected, the energetic minimum for C 60 is found in the predominantly hydrocarbon-rich region (region 3) of the phospholipid bilayer, at 18 Å from the bilayer center. The Gibbs free energy of transfer from the water region to this depth is -19.8 kcal/mol, indicating a relatively strong affinity for the region between the interfacial (region 2) and soft-polymer (region 3) regions. In agreement with the study of liquid crystalline DPPC membranes by Qiao et al., 28 the energy profile is seen to increase as the C 60 moves from the soft polymer region (region 3) to the hydrophobic region (region 4) toward the center of the bilayer. This increase in energy is likely due to the increase in density of the hydrocarbon chains as the center of the bilayer is approached, which is particularly pronounced in the gel phase. The increase in hydrocarbon density in region 4 due to the ordering of the DPPC tails will limit the available free volume and result in a greater energy penalty for the creation of the cavity into which the particle is inserted. In addition, although the high carbon density on the surface of C 60 will result in favorable van der Waals interactions between the C 60 and the hydrocarbon chains, as noted by Bedrov et al., 29 it seems likely that this energy gain will be outweighed by the energy penalty due to the creation of the C 60 sized cavity in the dense hydrocarbon medium. We note that the studies of Bedrov et al. 29 and D'Rozzario et al. 30 find much smaller or nonexistent energy barriers in the hydrophobic region of the liquid crystalline membrane. However, one would expect the energy penalty due to cavity creation in a gel-phase bilayer (which has considerably less free volume than that of the liquid crystalline bilayer) to be higher, which could explain the observed differences. In addition, in the case of D'Rozzario et al., 30 the coarse-grained nature of the work may have prevented the observation of the subtle energy barrier seen by Bedrov et al. 29 We also note that the energy minimum in this work is deeper than the well depth value of -8.3 kcal/mol reported by Qiao et al. but comparable to the value of -22 kcal/mol reported by Bedrov et al. 29 We speculate that the energy minimum observed in this work is farther from the center of the bilayer due to the more ordered nature of the gel-phase bilayer as compared with the liquid crystalline bilayer studied in other work. Inserting the C 60 closer to the center of the membrane in a denser hydrocarbon zone would result in a situation that the energy due to cavity creation outweighs the contribution from enhanced van der Waals interactions, which is consistent with the substantial energy barrier observed.
The relatively large energy difference between the center of the bilayer and the soft-polymer region (region 3) indicates that C 60 will likely partition into the soft polymer region of the gelphase lipid bilayer and will have trouble reaching the interior of the membrane. Although permeation through a gel-phase membrane has not been studied in the literature, the partitioning behavior of several smaller molecules in a variety of phospholipids bilayer phases has been studied. [61] [62] [63] Benzene, for example, is found to exhibit an order of magnitude decrease in membrane/water partitioning over the liquid crystalline to gel phase transition. 10, 11 Therefore, given the relative size of C 60 , the significant change in partitioning behavior between the liquid crystalline and gel phases is reasonable.
In an effort to better understand the migration of the C 60 particle, a MD simulation of a free-floating C 60 particle, initialized in the soft polymer region, consisting of a 2 ns equilibration run and a 2 ns sampling run was performed. Similar studies initiating the C 60 in the water phase and observing the diffusion through a liquid crystalline membrane have been reported in the literature using atomistic 28 and coarse-grained 31 force fields. Both studies show that C 60 diffuses through the membrane; however, the atomistic study of Qiao et al. 28 indicates a required time of 48 ns, whereas the coarse-grained study of Wong-Ekkabut and co-workers 31 indicates a relatively short diffusion time of 500 ps. Although we do not hope to study C 60 translocation, we can sample the probability density of C 60 occupying different depths in the vicinity of the interfacial region, as shown in Figure 6 . The results indicate that C 60 translates very minimally at the interface, with the particle predominantly occupying the region between 22 and 25 Å from the center of the bilayer. This suggests that both the aliphatic region of the membrane and the bulk water region exert significant competing forces on the particle, likely resulting in a lessened probability of finding the C 60 in either the water phase or bilayer core. The probability distribution indicates that C 60 is most likely found at around 23.5 Å from the bilayer center. Although both the potential of mean force and free-floating studies suggest that C 60 will ultimately partition into the soft polymer region of the membrane, in the free-floating studies, the C 60 does not settle directly at the depth of the energy minimum at 18 Å but, rather, near the local hydrocarbon density Figure 4 . The particle will be largely segregated from the water at this depth and will be in contact with the alkane tail and polar head regions of the bilayer (region 2). The fact that C 60 never fully enters the water phase further suggests that there is an energetic preference for the C 60 to embed into the organic material in the system, as opposed to the water region. In the case of a C 60 molecule that can translate along the z-axis, it is reasonable to expect that the structure of the hydrocarbon tails around the hydrocarbon density maxima will be disrupted by the movement of such a large particle through a generally rigid region of the membrane, thereby increasing the free volume in this region. It is likely that, over longer time scales, the membrane structure will relax, limiting the movement of the particle and ultimately pushing it to the depth at which the energy minima occurs.
Study of H-POSS in DPPC. The ∆G(z) function for the H-POSS particle along the heterogeneous axis of the DPPC bilayer studied is presented in Figure 7 . Figure 7 shows that H-POSS energetically prefers the interfacial region of the bilayer, with a Gibbs free energy of transfer from the water region of -10.9 kcal/mol at a depth of 22 Å from the bilayer center; however, the figure also shows a local minima in the hydrophobic region with ∆G ) -2.7 kcal/mol at 8 Å away from the bilayer center. The minima seen in the hydrophobic region for the H-POSS system is likely due to the increase in favorable solute-bilayer van der Waals interactions, which are a result of the denser packing of the aliphatic tails in this region. It should be noted that although H-POSS will be subject to an energetic penalty due to the insertion of the particle in this dense region, similar to that seen for C 60 , given the relatively small size of H-POSS, this penalty will be less significant. The significant global minima near the polar head region is likely due to the favorable electrostatic interactions between the charged H-POSS monomer and the polar heads of the DPPC bilayer. The energy barrier occurring between these two regions is a result of the soft polymer region lacking the favorable electrostatic interactions characteristic of the interfacial area and the high density of the hydrophobic core, resulting in fewer low-energy van der Waals interactions with the bilayer. Given the deep energy well at 22 Å and the considerable energy barrier in the soft-polymer region, it seems likely that the H-POSS monomer will partition to the interfacial region of the bilayer.
As with C 60 , a 2 ns simulation of a free floating H-POSS molecule in the DPPC membrane was performed following a 2 ns equilibration period. The position of the H-POSS was initialized in the soft polymer region at a depth of approximately 18 Å. In Figure 8 we present the probability density of H-POSS occupying various depths of the bilayer. H-POSS, like C 60 , remains underneath the water/membrane interface at depths of 20-24 Å, with the profile exhibiting a maximum at 22.5 Å. In this case, the free floating simulation indicates essentially the same preferential depth as the potential of mean force study and therefore supports the findings that H-POSS will likely partition into the soft-polymer region of the bilayer, near the polar head groups of the membrane.
Conclusions
The Gibbs free energy for C 60 and H-POSS nanoparticles crossing a gel-phase DPPC bilayer has been calculated using constraint dynamics molecular dynamics simulations. In addition, free-floating simulations of both particles have been performed in an effort to clarify the partitioning behavior of the particles in interfacial regions. It was found that C 60 preferentially partitions into the organic phase of a hydrated DPPC system, whereas H-POSS is likely to be found at the water-bilayer interface.
The C 60 particle exhibits an energy minimum in the relatively low-density soft polymer region of DPPC due in large part to the increased van der Waals interactions with the aliphatic tails and relatively large free volume available to the solute. The interior of the gel phase of the DPPC membrane provides relatively little free volume available to C 60 ; therefore, although the interior of the membrane has more low-energy van der Waals interactions available to the solute, the structure of the aliphatic chains are too rigid to allow the partitioning from the shallow interfacial/soft polymer region (region 3) to the interior of the membrane (region 4) due to the significant energetic penalty, arising from the insertion of the particle in the densely packed region.
For H-POSS, the simulation results show two energy minima across the heterogeneous bilayer axis, with a local minimum occurring in the hydrophobic region (region 4) and a global minimum occurring at the water-bilayer interface (region 2). An energetic penalty of +15.0 kcal/mol was noted for transferring H-POSS from the depth of 22 to 16 Å. The energy minimum seen at the interface is likely due to enhanced electrostatic interactions between the polar head groups of the DPPC bilayer and the H-POSS monomer. Furthermore, the minimum observed in the hydrophobic region of the bilayer can be attributed to the greater number of low energy van der Waals interactions available to the solute in the dense region in addition to a decreased penalty of insertion due to the relatively small size of the particle as compared with C 60 .
The energy profiles observed for C 60 and H-POSS in this study indicate that both particles may not completely partition into the interior of dense, gel-phase membranes, with transfer of the particle to the center of the bilayer corresponding to a significant energy penalty relative to the energetic minima. These results imply that C 60 and H-POSS may not readily diffuse through a gel-phase bilayer, which may result in limited transport across biological membranes that contain gel-phase regions. The C 60 results mirror similar studies in liquid crystalline phospholipid bilayer systems in that the energy minimum for both phases are approximately -20 kcal/mol. Liquid crystalline studies, however, indicate that the energy minimum occurs between 6 and 10 Å from the center of the membrane, whereas the minimum distance in this study is around 18 Å. This difference is attributed to the denser inner core of the gelphase system, for which a significant energy penalty would exist to create a cavity for the C 60 particle due to a lack of free volume.
